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A B S T R A C T
Since over 20 years it is known that riblet surfaces can reduce drag in ﬂuids. The process by applying
riblet paint in a single step by application, embossing and partial curing by UV-light is an alternative to
bonded riblet foils for large area applications. The main advantage of this technique is the ability to paint
three-dimensional surfaces with a functional riblet surface without any additional process steps, thus
ultimately saving costs. This publication demonstrates the process insensitivity to different levels of
compression, as resulting for example from non-planar 3d-surfaces. Additionally, the performance of the
process was investigated in terms of maximum application speed, and the quality of the coating at those
speeds. The results outline the advantages, and limits, of this application technique, and give an overview
of the current process abilities of the coating process.
 2015 CIRP. This is an open access article under the CC BY-NC-ND license (http://creativecommons.org/
licenses/by-nc-nd/4.0/).
Contents lists available at ScienceDirect
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jou r nal h o mep age: w ww.els evier . co m/lo c ate /c i rp j1. Introduction
In nature several types of functional surfaces, as the ﬂexible skin
of a dolphin [1] known as ‘‘Kramer-type-coatings’’, small air
bubbles in the feathering of spiders [2], or shark skins have been* Tel.: +49 0421 2246 488; fax: +49 0421 2246 430.
E-mail address: heinrich.kordy@ifam.fraunhofer.de
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1755-5817/ 2015 CIRP. This is an open access article under the CC BY-NC-ND licenseobserved, and are associated with a set of advantages. Because of
their beneﬁts, as for example drag reduction, research has sought
for methods to copy these principles for industrial applications. In
the last decades several studies have pointed out the efﬁciency of
shark-skin imitating surfaces, so called riblet-surfaces. First
research results on the beneﬁcial effect of riblet-surfaces
originated from NASA in the 1970s, in particular for aerospace
applications [3–5]. Bechert et al. [6] have shown that two-
dimensional riblet-surfaces do reduce the turbulent wall friction of (http://creativecommons.org/licenses/by-nc-nd/4.0/).
Fig. 1. Scheme of Fraunhofer IFAM riblet application process.
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geometry of the riblets. Possible applications for drag reducing
riblet-surfaces are various, and range from wind power blades,
marine vessels, high speed rail vehicles and aircrafts, with positive
effects demonstrated in each industry [7–10]. As an example that
stands for many, it has been shown that for a long-range four-
engine wide-body commercial passenger jet airliner (herein an
Airbus A 340), covering 30% of the surface with riblets leads to
savings of about 1.5% in fuel consumption [9]. This ﬁnding mirrors
many other large scale applications in which riblet-foil were
bonded on surfaces.
The geometry of the riblet structure has to be adapted to the
Reynolds-number of the surface or body for which it is intended;
for most of the applications riblet height ranging between
0.0025 mm and 0.125 mm have been found to meet the require-
ments [5]. Optimum riblet structures are three-dimensional, as for
natural shark-skin, where drag can be reduced up to 24.5% drag
[11]. However, manufacturing 3d-riblets is very challenging; this
can only be achieved by direct molding, for example of natural
shark surfaces. Because of this difﬁculty, most research on
industrial transfer focus on 2d-riblets.
Currently investigated methods for manufacturing functional
riblet surfaces are structuring by laser, structuring by rolling, and
by micro-drilling. Structuring by laser has limited ground coverage
of a mere 0.5 mm2/s [12] which prohibits it from being used for
large surface applications. The rolling process, although much faster,
does not allow for the manufacturing of optimal riblet geometries,
which is characterized by very sharp riblet tips [13]. Proﬁle grinding
is another manufacturing method reported [14]; this method is,
however, associated with signiﬁcant ﬁns at the riblet tips, which
potentially reduce their potential in reducing drag especially
when tools start to wear out. All above mentioned methods lead
to riblets manufactured onto the substrate material, because of the
nature of these processes (abrasion and forming), they almost
exclusively apply to metals; they are restricted to some speciﬁc
applications, as for example compressor turbines [14]. Some of the
aforementioned issues are among the reasons that prevented the
riblet technology to enter serial industrial applications.
When it comes to cover large surfaces, or surfaces for which
abrasion/forming is not an option, as for example aerospace or
rotor blades, other methods are preferred. The company 3 M has
developed, for applications on large surfaces of a variety of
substrates, riblet foils which have been tested in several large area
applications, e.g. on wind turbines [15]. Besides their advantages,
like ease of application, bonded riblet-foils exhibit some dis-
advantages; among the most critical are the additional weight for
the aircraft, the difﬁculty of bonding curved surfaces, time
consuming removal processes of the ﬁlm besides problems related
to the durability of the bonding [16].
To overcome the disadvantages of ﬁlm application and the
subsequent bonding process, Fraunhofer IFAM has developed a
coating process where embossing and curing of a dual-cure lacquer
are combined in one single process [17], as illustrated in Fig. 1. The
lacquer cures in two steps: ﬁrstly, a UV-curing acrylate to form a
stabile riblet layer, and secondly a polyurethane component for the
hardness. The UV-transparent stamp out of silicon, with the negative
riblet structure with lacquer applied in a liquid state and pushed
onto the substrate. The mold can be removed and a form stabile
riblet layer is left on the substrate. The polyurethane component is
left to cure for two days. The aerodynamic efﬁciency and the wear
resistance of the current application method have been demon-
strated in a two-year long application on aircrafts in service [16]. In
the framework of the latter, the general process abilities to coat
industrial surfaces in marine environments were also shown
[8]. These studies answered questions concerning the general
coatability of substrates and surface types, but left open questionsabout the process, as layer thickness in correlation to pressure,
application weight, as well as the maximum application speed.
The present paper ambitions to answer some of the questions
left open by the previous research. More speciﬁcally, the paper
concentrates on pressure deviations as a result of curved
substrates, and their inﬂuence on the ﬁnal coated riblet ﬁlm
thickness. Subsequently, the question of maximum application




All experimental investigations were performed with the riblet
application device shown in Fig. 2 (where it is ﬁxed to a robot). The
riblet application head consists of a slot nozzle (1) fed with the
mixed lacquer by a static mixing device (2). The two single
components are metered by gear pumps to the mixing device
especially designed for the differential mixing ratio of 2.3 parts
resin to 1 part of hardener. The slot nozzle applies the lacquer to
the silicon mold (3) which is pressed by the foam rollers (4) to the
substrate (5). A mercury vapor lamp (6) cures the lacquer
immediately, and a dimensionally stable riblet-coating is left on
the substrate. All mentioned technical components are embedded
in one single controller module.
The test rig (Fig. 3 left side) is specially designed for riblet tests
offering reproducible conditions without using a robot as a
guiding unit. By the side view to the application device it is easy
to measure the compression of the foam rollers (see Fig. 3 right
side). The height of the application device can be adjusted by a
pneumatic lifting device (A) in combination with a mechanical
ﬁxation. The pressure can only be adjusted at the riblet
application process by an adjusted compression of the foam
rollers. The speed over the substrate is variable, from 0.5 m/min
to 10 m/min. It is important that the speed of the substrate
driven by the belt conveyor (B) and the silicon mold (C) powered
by the driving roll are equal, otherwise the silicon mold starts to
wrinkle, which disturbs the application process; this was veriﬁed
for each application speed by a rotational speed sensor. The
standard mercury vapor lamp used for all tests delivered 80 W/
cm over the lamp length. The silicon mold exhibited a riblet
negative structure with a riblet height of 48 mm, and a distance
between the riblets of 96 mm. Because it is known that the
quality of riblet-microstructure declines with use in operation
because of wear, the silicon mold was repeatedly replaced after
coating 10 m2, guaranteeing a consistent quality. The distance
between the coating knife located at the bottom of the slot
nozzle and the silicon mold was set to 0.25 mm for all tests. The
nozzle was opened two seconds prior starting the movement of
Fig. 2. Application device on robot (left side) Inhomogeneous foam compression during coating process on a 2d-surface (right side).
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beginning of the coating process.
The liquid dual-cure lacquer is applied by the slot nozzle to a
silicon mold. The silicon mold moves relatively to the substrate to
be coated. The pressure needed is generated by pushing the foam
rollers toward the wetted silicon mold onto the substrate. The
compression is adjusted by the position of the lifting device, which
has a manual metering element. The foam rollers used in this study
consisted of closed-cell polyurethane foam corresponding to the
quality of KT-8080; it exhibits, according to the data sheet, a
volumetric weight of 25 kg/m3, and according to DIN 53576-B ISO
2439 a penetration hardness of 160 N. All application tests were
done on a PVC-foil with the size of 100 cm by 200 cm which was
mounted on aluminum sheets, acting as a support, with a thickness
of 1.5 mm of the same size.
The main open questions are the inﬂuence of contact pressure
and process speed on the layer thickness, and coating quality.
Evidently, foam properties, as stiffness, compression abilities and
recovery, represent fundamental factors for the application
process. It is hypothesized that the pressure has a signiﬁcant
impact on the resulting layer thickness as well as the process quality.
On the other hand the application speed was expected to have an
inﬂuence on the process stability leading to a certain amount of
macroscopic coating defects. Because of the importance of the two
parameters, particularly for the industrial robustness, pressure and
speed, two experimental series were conducted in order to
investigate their effect on the layer thickness and process quality.
2.2. Inﬂuence of contact pressure
On a 3-d curved substrate (as a typical wing) the application
device has to handle foam compression (expressed in terms of
deformations) from nearly zero to a few tens of millimeters, for an
undeformed diameter of 100 mm. These deviations lead to aFig. 3. Test rig at Fraunhofer IFAM (left side) and side view of varying pressure distribution under the foam rollers; the variations
from the uncompressed state up to a maximum compression of
22 mm are depicted in Fig. 4. Pressures were measured with a
pressure sensitive foil delivered (sensor type 6300) by TeKscan. For
the experimental series concerning the inﬂuence of contact
pressure, an application speed of 1.5 m/min has been chosen,
based on preliminary studies. After each individual test, the layer
thickness was measured (refer to Section 2.5), and the quality of
the riblet geometry was assessed by means of SEM pictures;
pressure was varied in steps of 1 mm deformation, leading to a
total of 25 different data points. Because of the relatively compress
post-processing, and the fact that the investigated domain was
divided very ﬁne resolution, only one test was performed per
compression level.
2.3. Inﬂuence of application weight
In the second series the inﬂuence of the application weight on
the layer thickness and process quality was investigated. The
application weight was reduced from 250 g/m2 in steps of 25 g/m2
up to the point for which the coating quality degraded so
signiﬁcantly that large defects could be observed so that no
continuous coating is left on the substrate. For each application
weight 3 samples have been manufactured and tested. For these
tests, the contact pressure was deﬁned by a compression of 12 mm
of the foam rollers, which was in the mid-range of the pressures
investigated in the previous series. The layer thickness was
measured, at each specimen; refer to 2.5 for the procedure.
2.4. Inﬂuence of application speed
In order to investigate the effect of the application speed on
process quality, in a third series, the application speed was varied
from 1.5 m/min in steps of 0.25 m/min until the process lost itsfoam rollers with a homogenous compression (right side).
Fig. 4. Pressure distribution under foam roller measured by TEKscan sensor 6300 at a compression of 10 mm.
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of defects or more than 60 small defects per sample. All
investigations were done with a constant deformation of the
foam rollers of 12 mm, similarly to the second series. The amount
of lacquer was kept constant for each application speed with 200 g/
m2, which was found in the previous series to consistently deliver
optimum qualities. For application speed that lead to insufﬁcient
surface qualities, stability pressure and power of the mercury
vapor lamp were varied to track down the inﬂuence of the two
latter parameters. As for the previous series, each application
speed was tested three times.
2.5. Measurement of lacquer thickness
Total lacquer thickness consists of the riblet height plus the
coating thickness below. It was measured in two ways. Firstly, with
a coating thickness gauge, herein a PCE type CT 28, which measures
coating thicknesses by eddy current and magnetic inductive
methods depending on the metallic nature of the substrate.
Secondly, by weighting 10 cm  10 cm large samples out of the
middle of each lacquer track and calculating the height by the
density of the lacquer (herein 1.3 kg/dm3) and added by a factor for
the riblet height. However, the riblets do only have a small effect on
the coating weight per unit area, because of the relationship of
steepness of 1:2 exhibited by the latter. The two different methods
were chosen, because they allow for differentiated insight; using
the gauge, a very local measurement is possible, while the
gravimetric method allows for an averaged determination of
thickness of larger areas. Along the 200 cm length, thickness
measurements were performed on 6 points along the center line.
2.6. Measurement of riblet quality by microscopic geometry
Besides the coating thickness, the quality of the riblet geometry
is important for the efﬁciency of its drag reduction properties;
aspects related to the quality are here the height of the riblets and
the sharpness their tips. The geometry of riblets of all investigated
series was visually compared on the basis of scanning electron
microscope (SEM) pictures. The samples were prepared using a
cryogenic break in liquid nitrogen to get a sharp and homogenous
edge. Sputtering was done by using gold. The geometry was
measured by the length of the height in combination with the scale
given by the microscope. The measurements were done with a
voltage of 20 kV.
2.7. Measurement of macroscopic coating defects
Detection of the defects was done by the unaided eye at
daylight. All visual detectable defects were counted at the surfaceof the coating and in the coating. The defects were counted per
specimen and classiﬁed according to failure categories (particles,
bubbles, crater and further optical defects in the inner coating
layer). The formation of single defects, with dimensions larger than
3 mm, was counted as process instability.
2.8. Measurement of mold quality
For the measurement of the thickness distribution a silicon
mold was cut half; since the material is transparent, the mold had
to be coated with a developer to allow for laser thickness
measurements; the Developer200 belonging to the Diffutherm
System C by the company Klumpf was used. Selected silicone mold
surfaces was inspected with regard to roughness and planarity
using a laser scanning device, the device used was a Scanworks
‘‘Contour Probe’’ manufactured by Perceptron in combination with
the measurement arm Cimcore Modell 5028 to allow for manual
measurements. The calculation of the thickness was done in the
software Polyworks, a package widely used for processing and
analyzing three-dimensional datasets. Results are discussed
below, in Section 3.2.
3. Results and discussion
3.1. Inﬂuence of contact pressure
The pressure distribution under the roller is relatively
homogenous for all compression levels. The pressure distribution
resulting from a compression of 10 mm is shown in Fig. 4, where it
appears that on average values around 0.9 N/cm2 were measured;
single cells with peaks up to 2 N/cm2were only reported marginally
at the edges. Additionally, no signiﬁcant differences in pressure
along the width and length of the rollers were detected.
Average pressure under the foam rollers (between silicon mold
and substrate), as measured by the pressure sensitive foil, is
depicted in Fig. 5 in function of the compression level. It shows a
nearly linear behavior, after a minimum pressure of 0.6 N/cm2 is
achieved, and which corresponds to a deformation of approxima-
tively 1 mm. Beyond a compression of around 1 mm, pressure
increases continuously and almost linearly up to a value of 1.2 N/
cm2, corresponding to a compression of 22 mm.
To the aforementioned development of pressures with com-
pression corresponds a total force applied to the foam roller. The
measurements are plotted in Fig. 5 against compression; it appears
that this force increases almost linearly with compression (if one
data point is discarded). The fact that pressure and force do not
strictly follow the same pattern is explained by the fact that the
soft foam roller increases its contact surface with increasing, thus
leading to smaller pressures.
Fig. 5. Measured force and pressure in relation to compression of foam-rollers.
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the measurements are reported in Fig. 6. For an application of the
coating, a minimum pressure if 1 mm is required; otherwise the
wetting of the substrate by the lacquer is not sufﬁcient. The coating
thickness, including the height of the riblets, at a compression of
1 mm or a pressure of 0.5 N/cm2, was measured to a height of
185 mm. The coating thickness corresponding to compression of the
foam rollers from 1 mm to 22 mm were found to be in the range
between 140 mm and 230 mm. It can be seen that standard
deviations of the thickness is in a range of 5 mm up to 50 mm,
which is, in relation to the total layer thickness, relatively important.
An explanation can be given by the deviations in the thickness of the
manual made silicon mold of 100 mm to 200 mm along the width of
the mold. Here are further investigations necessary. The inﬂuence of
the pressure between the foam rollers and lacquer has a certain
inﬂuence on the coating thickness. It can be observed that theFig. 6. Coating thickness in relation coating thickness is above a compression of 15 mm or a pressure
above 1 N/cm2 strict under 150 mm while at lower compression
levels the coating thickness is between 230 mm and 150 mm.
The scanning electron microscope pictures, Fig. 7, show no
difference of the quality of the riblet geometry for different
pressure-levels between mold, liquid lacquer and substrate. The
height of the riblets is in a range between 41 mm and 45 mm, while
the tops exhibit a sharp edge. Due to the geometry of the molds,
riblets could have a maximum height of 47 mm; this was not
detected in the measurements where the riblets have a smaller
height, sparkling the need for further investigations.
3.2. Application amount
The layer thickness of the coating does at the chosen pressure
not exceed a value of 210 mm for all investigated applicationto compression of foam rollers.
Fig. 7. SEM-pictures of riblet-samples at different pressure levels.
Fig. 8. Layer thickness in correlation to application amount.
Fig. 9. Measurement of thickness distribution of silicon mold.
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applied to the mold is sheared-off by the rolling process and
accumulates in what has been labeled a ‘‘lacquer lake’’ in front of
the roller. Amount of less than 150 g/m2 leads to inhomogeneous
coating layers with large defects; the pressure generated by the
foam rollers seems not to be able to distribute the liquid lacquer
homogenously to the substrate. This cannot be avoided by higher
compressions of the foam roller. The current viscosity of the mixed
lacquer is of about 2 Pa s. An assumption, which still has to be
sustained in further research, is that lacquers with lower viscosity
could be a solution to achieve thinner coating layers.
An uncertainty of the design of experiment can be tracked down
to the quality of the silicon molds, which was done manually (see
Fig. 9). The thickness of the silicon mold, according to measure-
ments described in 1.8, deviates in most of the area between a
value of 1.8 mm and 2.4 mm, while at two spots thicknesses of
2.9 mm have been observed. This leads to deviations in the coating
Fig. 10. Layer thickness distribution over the width of the mold.
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similar shape as the mold thickness distribution. Coating thickness
at the edges is higher (about 200 mm) if compared to the middle
(about 150 mm) which corresponds to the thinner silicon mold in
those areas; however, as shows Fig. 11. Further studies will test the
assumption that automated manufacturing of silicon molds by
casting with a more homogenous mold thickness achieve thinner
lacquer layers.
For checking the microscopic shape of the riblets SEM-pictures
were made for each application amount. The amount of lacquer
applied does not have any effect to the quality of the riblet
geometry (see Fig. 12). No differences in the geometries were
detected between high amounts of 250 g/m2 and less amounts of
150 g/m2.Fig. 11. SEM-pictures of riblets at 3.3. Application speed
The application speed can be increased up to a value of 3.5 m/
min, beyond which process stability is lost. Obviously, if the
process speed is too high, the coating is not able to create adhesion
sufﬁciently fast; as a result parts of the cured lacquer do not adhere
to the substrate and remain stuck on the silicon mold while rolling
up. Neither an increase in the electrical power of the mercury vapor
lamp up to 120 w/cm lamp length does not change this, nor does an
increase of the compression of the foam rollers to a maximum
value of 22 mm. The number of defects per sample (bubbles,
particles and craters) does not increase with application speed, in
the range between 1.5 m/min and 3.5 m/min (see Fig. 12). Most of
the detected defects, with about 90%, are craters and bubbles.different application weights.
Fig. 12. Coating defects in relation to application speed.
Fig. 13. SEM-pictures of riblet geometries at different application speeds.
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layer thickness have an inﬂuence on coating defects as craters,
while reducing coating thickness minimizes the occurrence of
craters. Although the current lacquer formulation has been
adjusted to the lowest possible viscosity level, thinner layers
can be achieved with the currently used and for 3D-surfaces needed
soft foam rollers with even lower viscosity; however, introducing a
new lacquer is bound to a requaliﬁcation, a very time consuming
process, thus was not envisaged in this study. Bubbles could also be
the result of the inhomogeneous thickness distribution of the silicon
mold, which might cause air inclusions in the rolling process;
subsequent research, in which the matrix manufacturing is
automatized, might help reduce the formation thereof.
For checking the microstructure of the riblets SEM-pictures
were made for each application speed; no signiﬁcant inﬂuence of
the application speed on the resulting riblet structure can be
detected, as indicated by SEM images shown in Fig. 13, and in
which the height of the riblets is here in a range between 41 mm
and 45 mm.
4. Conclusions
Currently investigated methods for manufacturing functional
riblet surfaces lead to riblets manufactured out of the substrate
material; they almost exclusively apply to metals, which
prevented the riblet technology to enter serial industrial large
area applications. Besides their advantages, like ease of application,bonded riblet-foils exhibit some disadvantages; among the most
critical are the additional weight for the aircraft, the difﬁculty of
bonding curved surfaces.
Fraunhofer IFAM has developed a coating process where
embossing and curing of a dual-cure lacquer are combined in
one single process. This paper reviewed the process abilities of the
application of drag reducing riblet coatings by direct structuring
are in a way which allows the integration in industrial applications
by using the riblet application device. It was hypothesized that the
pressure has a signiﬁcant impact on the resulting layer thickness as
well as the process quality. On the other hand the application
speed was expected to have an inﬂuence on the process stability
leading to a certain amount of macroscopic coating defects.
The experimental investigations conﬁrmed the hypothesis that
the pressure generated by the foam rollers has an inﬂuence on the
coating thickness; however, the dependency is not as strong as ﬁrst
thought. In a wide pressure range, the riblet application technique,
by using dual-cure lacquers, yields in homogenous coating thickness
distribution. The lacquer requires a minimum pressure for the
wetting of the substrate, which is achieved with a compression of the
foam rollers of 1 mm. Quality of the riblet geometry, is almost
independent from the pressure in the investigated pressure range.
As a consequence, it is possible to apply homogeneous coating
thicknesses in the mentioned range using the presented process on
curved 3d-substrates, which generates an inhomogeneous pressure
distribution between application device and surface. The application
process proves to be robust with regard to pressure deviations, so
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positive point for the technical application is that the adjustment of
the application head to the surface of the substrate will not be a
critical point for the quality of the riblet paint.
In the investigations related to the lacquer amount and its
inﬂuence on the layer thickness, it was shown that the process
window is relatively small. The amount of lacquer cannot generate
layers thicker than 210 mm. By the shear of the rolling process, the
lacquer remains in front of the rollers and forms a ‘‘lake’’. For
amounts less than 150 g/m2, and using the current rollers, it is not
possible to achieve a homogenous coating layer. A reason could be
the combination of the current high viscosity of the lacquer in
combination with the soft foam rollers and the quality of the
manual made silicon mold, all of which will be further optimized in
upcoming improvements of the process. This is a disadvantage for
some applications, as for aircrafts or rotor blades, where riblet
coatings should be as light as possible; further optimization is the
topic of upcoming research.
The application speed, as hypothesized, has no signiﬁcant
inﬂuence on coating defects. In the investigated speed range, no
noticeable inﬂuence between coating defects and application
speed could be observed. At speeds beyond 3.5 m/min the process
cannot be applied caused by the slow adhesion of the coating to the
substrate. This limits the productivity of the riblet application
process, and might constitute a disadvantage for industrialization;
further research is needed to overcome that particular point, for
example by using several application heads simultaneously.
The direct application of riblets on substrates by means of
structured coatings offers a real alternative to save energy in
transportation and make applications more efﬁcient. The process
abilities of the current process show the limits and the
opportunities of the process concerning the establishment as an
industrial application process.
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